Aims Local climatic adaptation can influence species' response to climate change. If populations within a species are adapted to local climate, directional change away from mean climatic conditions may negatively affect fitness of populations throughout the species' range. † Methods Adaptive differentiation to temperature was tested for in American ginseng (Panax quinquefolius) by reciprocally transplanting individuals from two populations, originating at different elevations, among temperature treatments in a controlled growth chamber environment. Fitness-related traits were measured in order to test for a population × temperature treatment interaction, and key physiological and phenological traits were measured to explain population differences in response to temperature. † Key Results Response to temperature treatments differed between populations, suggesting genetic differentiation of populations. However, the pattern of response of fitness-related variables generally did not suggest 'home temperature' advantage, as would be expected if populations were locally adapted to temperature alone. † Conclusions Failure consistently to detect a 'home temperature' advantage response suggests that adaptation to temperature is complex, and environmental and biotic factors that naturally covary with temperature in the field may be critical to understanding the nature of adaptation to temperature.
INTRODUCTION
Local adaptation refers to intraspecific genetic differentiation of populations such that local genotypes have higher fitness in their home sites relative to foreign genotypes (Futuyma and Moreno, 1988; Linhart and Grant, 1996; Kawecki and Ebert, 2004; Savolainen et al., 2007) . Heterogeneous selective forces within a species' range promote specialization of populations to local environmental conditions (Futuyma and Moreno, 1988; Kawecki and Ebert, 2004) . Evolution of locally adapted populations occurs when gene flow and genetic drift are too weak to counteract selection (Futuyma and Moreno, 1988; Kawecki and Ebert, 2004) . If selection is sufficiently strong, adaptive differentiation can occur even when gene flow is high (Futuyma and Moreno, 1988; Linhart and Grant, 1996; Kawecki and Ebert, 2004; Antonovics, 2006) . For local adaptation to occur, there is a requisite fitness trade-off, such that morphological or physiological traits that increase fitness in one environment incur a fitness cost in a different environment. Adaptive differentiation of populations would not occur if a single genotype could gain superiority in all environments (Futuyma and Moreno, 1988; Kawecki and Ebert, 2004) . Phenotypic plasticity has traditionally been viewed as an alternative to local adaptation, allowing a particular genotype to maintain high fitness by phenotypic adjustment to a wide range of environmental conditions. Recent research suggests that phenotypic plasticity, itself a trait, may vary among populations within a species' range, and may be a proximate step in local adaptation by allowing a species to produce distinct phenotypes in differing environments on which selection can act (Matesanz et al., 2010; Riis et al., 2010; Ward et al., 2012) .
Reciprocal transplant experiments are the standard test for local adaptation (Futuyma and Moreno, 1988; Linhart and Grant, 1996; Kawecki and Ebert, 2004) . In such experiments, populations are reciprocally transplanted among sites to compare performance of 'local' vs.'non-local' genotypes in each population's home site. Reciprocal transplant experiments partition environmental and genetic components of population performance across an environmental gradient. For instance, if populations within a species exhibit a solely plastic response to the environment, there will be no apparent genetic ('population') effect, and vice versa in the case of populations for which performance is strictly genetically controlled. A population × environment interaction, such that populations demonstrate a 'home site' advantage, indicates local adaptation (Kawecki and Ebert, 2004) . Reciprocal transplant experiments can be modified to explore adaptive differentiation of populations to specific environmental factors. In such an experiment, gardens comprised of various populations or genotypes are established across an environmental gradient (Linhart and Grant, 1996) . A differential, typically clinal, response among populations in terms of morphological, physiological, reproductive or phenological traits along the environmental gradient indicates intraspecific adaptive differentiation with respect to the environmental factor of interest (Linhart and Grant, 1996; Savolainen et al., 2007) . Such experiments have demonstrated population-level adaptation to a variety of selective forces, including, but not limited to, heavy metals and other edaphic factors, light regime and climate (Linhart and Grant, 1996) .
Specialization to local conditions may be adaptive in a stable environment, but can become a fitness liability if environmental conditions change (Holt and Gaines, 1992; Holt and Barfield, 2008; Holt, 2009) . For species adapted to local climate, directional climate change may push populations from fitness peaks, and threaten long-term persistence (Davis and Shaw, 2001; Davis et al., 2005) . Past transplant studies along elevational or latitudinal gradients, which served as a proxy for climate gradients, have shown that alteration in climate regime can levy large fitness costs (Etterson, 2004; Savolainen et al., 2007) . For instance, Etterson (2004) demonstrated that non-local genotypes of Chamaecrista fasciculata experienced up to a 96 % reduction in seed production compared with local genotypes in a transplant experiment across a latitudinal gradient. If future climatic conditions exceed the population-level climatic niche, climate change will initiate decline of extant populations throughout a species' range in the absence of gene flow unless populations acclimate or adapt to the novel climatic conditions (Souther and McGraw, 2011) . Because the population-level climatic niche breadth is reduced relative to the range of climatic conditions occupied by the species, population decline will result following a smaller change in climate than would be expected given the spatial distribution of the species. While in situ adaptation to future climate is possible, selection may lower genetic variation within populations of locally adapted species, making rapid adaptation less probable. In this way, climate change may threaten even widespread species when populations have specialized to local climatic conditions.
In a previous field study, we used census data collected over a 6 -12 year period for 12 populations of American ginseng that occurred across a broad geographic range to examine patterns of demographic response to interannual temperature variation (Souther and McGraw, 2011) . There was a consistent, population-level, parabolic relationship between population growth rate (l) and temperature, such that as annual temperatures deviated from site-specific means, l-values decreased, suggesting local adaptation to temperature (Souther and McGraw, 2011) . Even when multiple warm or cool years occurred in sequence, population growth rates did not increase, suggesting acclimation to temperature was not occurring, and therefore the reduction in l was based on adaptation to the local mean climate. In the current study, we conduct a reciprocal transplant-type experiment in a growth chamber environment using two populations of ginseng, one from a high elevation site and one from a mid-elevation site. Using growth chambers to manipulate mean temperature, while maintaining other environmental factors constant, we could isolate temperature effects, in order to ask the following questions. (1) Is there a genetic basis to differential population response to temperature? (2) Do the direct effects of temperature explain the pattern of local adaptation observed in Souther and McGraw (2011) ? We expected that response to temperature would be genetically based, and that temperature would directly affect fitness-related traits, such that performance would be maximized at temperature conditions approximating each population's home site.
MATERIALS AND METHODS

Study species
American ginseng (Panax quinquefolius L.) is a perennial herb endemic to the understorey of the eastern deciduous forest of North America (Anderson et al., 1993; Anderson, 1996; Robbins, 2000; McGraw et al., 2003) . The harvest of ginseng annually generates millions of dollars in supplemental income for Appalachian families (Bailey, 1999; Robbins, 2000) . Concerns that ginseng was becoming increasingly rare due to overharvest prompted the 1975 listing of ginseng on Appendix II of the CITES (Convention on International Trade in Endangered Species of Fauna and Flora) treaty (Robbins, 2000) . Harvest of ginseng is currently regulated by the US Fish and Wildlife Service (Robbins, 2000) .
Ginseng plants typically develop between one and four palmately compound leaves, which arise in a whorl from a single, aerial sympodium. The plant's below-ground parts consist of a taproot, the primary storage organ, and a rhizome. Ginseng seedlings possess a single leaf, and several years may pass before acquiring additional leaves. Only as 'juveniles' (twoleaved plants) is reproduction possible, though seed production at this stage is infrequent. Once plants produce three leaves, reproduction increases as a function of leaf area (McGraw and Furedi, 2005; Souther and McGraw, 2011) . Charron and Gagnon (1991) first modelled ginseng population dynamics, using leaf number to delineate stages in four populations of ginseng in southern Quebec. Subsequent research built on this demographic model by using leaf area in conjunction with leaf number to define stages, and incorporating seed bank dynamics in models of population growth (McGraw and Furedi, 2005; Souther and McGraw, 2011) . Ginseng has a mixed mating system, and does not reproduce vegetatively or by apomixis (Lewis and Zenger, 1983; Schlessman, 1985) . Ginseng berries are red and fleshy, and contain between one and three seeds. Seeds are believed to be primarily gravity dispersed, though caching by chipmunks has been documented, and other animals, such as birds, are potential dispersers (Van der Voort, 2005) . Studies of genetic variation in natural populations find low within-population genetic variation, and high among-population genetic variation (Cruse-Sanders and Hamrick, 2004; Grubbs and Case, 2004) .
Source populations
To test for a genetically based differential response to temperature, we selected populations of ginseng from sites differing in mean temperature conditions. Using elevation as a proxy for temperature, two populations, occurring at a high and a mid-elevation site (780 and 340 m, respectively) and separated by approx. 70 km were located, marked and mapped in northern West Virginia in autumn 2008. Both sites were north facing and characterized by mixed mesophytic tree species. However, the shrub layer was notably different between the two sites; at the high elevation site, the shrub layer was sparse and consisted mostly of spicebush (Lindera benzoin), whereas the shrub layer at the low elevation site was dense and comprised of pawpaw (Asimina triloba). Populations also differed in terms of total growing season (15 April -30 September) precipitation. The high elevation site received a mean of 69 . 6 cm of rainfall, and the midelevation site a mean of 55 . 8 cm. Precise locations are withheld to prevent targeted harvest of remaining individuals at each site, as well as nearby populations. Herein, we refer to the high elevation population as the LowT Population, and the mid-elevation population as the MedT Population.
Transplant procedure
In April 2009, prior to spring emergence, 156 roots with attached rhizomes (n ¼ 96, LowT Population; n ¼ 60, MedT Population, respectively) were carefully excavated, cleaned of soil, weighed and aged (Anderson, 1993) . In an experimental study of gene flow, pollen travelled up to 100 m from adult ginseng plants (Hackney, 1999) . Based on this number, we collected all individuals separated by ,100 m, and surveyed a 100 m zone around the perimeter of the population. The total area over which plants were collected was approx. 200 m × 200 m. To prevent transport of soil-borne pathogens to growth chamber facilities, roots were sterilized using a 10 % bleach solution (Hackney, 1999) . Cleaned roots were individually wrapped in moist paper towels, placed inside plastic bags, and transported on ice in coolers to growth chamber facilities at the McGill Phytotron in Montreal, Quebec, Canada. Roots were transplanted to 19 cm diameter × 18 cm deep Fiber Grow nursery pots (MYE Canadian Operations Incorporated) filled with growth medium (see below) within 48 h of packaging the roots for transport.
Growth medium
We collected soil from each population's site and homogenized equal parts of these soils. We combined soil from both sites in order to maintain uniform soil composition among treatments that did not provide either population with an a priori 'home site' advantage with respect to edaphic factors, while replicating soil conditions found in the field. To reduce risk of introduction of soil-borne pathogens into the growth chamber facilities, soil was sterilized by autoclaving. Ginseng typically occurs on well-drained soils, particularly on sloped terrain (Anderson et al., 1993) . To replicate this in a growth chamber environment, sterile perlite and sand in equal parts were added to the soil mixture, such that the perlite -sand mixture comprised 50 % of the growth medium.
Temperature treatments
To set growth chamber conditions, daily 30-year (1971-2000) mean maximum and minimum temperature data were obtained from two weather stations located ,25 km from each population's site (Supplementary Data Table S1 ). To account for elevation-related temperature differences between climate stations and source population sites, temperature data were corrected using the saturated adiabatic lapse rate (-5 8C km 21 ). Three temperature treatments were created: the low treatment corresponded to mean temperature conditions at the LowT Population (mean growing season temperature ¼ 16 . 4 8C), the medium treatment corresponded roughly to the MedT Population site (LowT Population temperature +3 8C; mean growing season temperature ¼ 19 . 4 8C), and the high temperature treatment represented 'future' climatic conditions projected by climate models (LowT Population temperature + 6 8C; mean growing season temperature ¼ 22 . 4 8C). Climate models project a mean global temperature increase between 1 . 1 and 5 . 8 8C by the end of the century, thus the high temperature treatment (+ 3 8C for the MedT Population; + 6 8C for the LowT Population) bracketed several warming scenarios that ranged from mid-to high severity in terms of extent of temperature increase (IPCC, 2007) .
Growth chamber parameters
Temperatures in the growth chambers were adjusted on a weekly basis to parallel seasonal temperature change experienced by source populations in their natural habitat. Daily maximum and minimum temperatures corresponded to weekly mean maximum and minimum temperatures for each temperature treatment (low, medium and high). Over each 24 h period, growth chamber temperatures were gradually ramped between temperature minima and maxima over a 6 h period, and remained at both the daily maximum and minimum temperature for 6 h. Daylength also changed on a weekly basis, and corresponded to the average weekly daylength in West Virginia. Light levels were set at 40 mmol m 22 s
21
, simulating understorey light conditions (Kota, 2005) . Understorey plants (.0 . 05 m) experience naturally high carbon dioxide levels that vary substantially during the course of the day and throughout the growing season (Bazzaz and Williams, 1991) . Carbon dioxide levels for all growth chambers were set at 410 ppm, a level that is approx. 20 ppm above ambient atmospheric conditions, and that corresponds to CO 2 levels near the forest floor in summer (Bazzaz and Williams, 1991) . Seventy per cent humidity was maintained within the growth chambers. We did not want to confound the effects of temperature with soil moisture, so plants were watered every 1 -3 d as necessary to maintain moist soil conditions. Consequently, plants in the warmer temperature treatments were watered more frequently.
Experimental design
Plants from each population were randomly assigned to each of the three temperature treatments (n ¼ 31, LowT Population; n ¼ 20, MedT Population), and placed into the corresponding growth chamber. To control for growth chamber differences, treatments and corresponding plants were rotated among growth chambers on a monthly basis. To account for environmental gradients within growth chambers, plants were rotated within growth chambers weekly.
Plants received treatments for two consecutive growing seasons (approx. 20 April-30 September). After the first growing season, plants were overwintered in a lath house at the Gault Nature Reserve (www.mcgill.ca/gault/). We buried plants, within their pots, in sand, flush to pot soil level.
To insulate against the risk of extreme winter temperatures, pots were covered with fibreglass insulation and heavy plastic sheeting after complete foliar dehiscence. At the onset of year 2 of the experiment (April 2010), we fertilized all plants with 200 mL of 50 % Hoagland's 20-20-20 nutrient solution to simulate spring influx of nutrients from litter decomposition. This was the only nutrient application in the course of the two-season experiment.
Survival
At the end of the experiment, the fate of death was assigned when a root was completely missing. If a root was present, but there was no shoot, the plant was considered dormant, but not dead.
Growth measurements
During the first week of July in both 2009 and 2010, after ginseng had terminated leaf expansion, we measured leaf area. Leaf area was estimated from foliar measurements, using a previously derived regression equation that related leaflet length and width to leaf area (Souther and McGraw, 2010) . At the termination of the experiment, roots were separated from shoots, cleaned, and fresh mass was obtained. Fresh mass of above-ground biomass (leaves, sympodium and peduncle) was measured. Subsequently, above-ground biomass was dried at 65 8C for 48 h and weighed.
We calculated the relative growth rate of leaf area (RGR LA ) as:
where LA is leaf area and t is time (McGraw and Garbutt, 1990) . Relative growth rate of the root (RGR ROOT ) was calculated using this same formula, with fresh root mass in place of LA.
Reproductive measurements
In both 2009 and 2010, we also counted floral buds during the first week of July as well as ginseng berries and seeds at the end of September. The number of seeds per bud was calculated by dividing the total seed number per plant by the total bud number per plant. In 2010, we measured berry mass per seed-producing plant. We calculated mean berry mass per seed by dividing the bulk berry mass by seed number for each plant.
Physiological measurements
Photosynthesis and respiration were measured using a Li-Cor 6400 Portable Photosynthesis System over a 5 d period in July 2010. During this time, growth chambers were programmed so that temperatures remained constant at the weekly temperature maximum and minimum, except during a 1 h period in which temperatures changed between these two states; the maximum temperature occurring during the day [0600-1800 h EDT (Eastern Daylight Time)] and the minimum temperature occurring during the night (1900-0500 h EDT). We measured photosynthesis and respiration for ten randomly selected individuals from both populations in each temperature treatment (n ¼ 10).
During this week, 'sunrise' in the chambers occurred at 0500 h, and 'sunset' at 1900 h. Photosynthesis was measured between 0700 and 1200 h and from 1300 to 1800 h EDT. To avoid systematic error in photosynthetic measures caused by diurnal variation in photosynthetic rate, the order of photosynthetic measurements within and among temperature treatments was randomized. Net photosynthesis (A max ) was measured at both ambient light levels (40 mmol m 22 s
21
) and light saturation (500 mmol m 22 s 21 ); the saturating light level was determined using photosynthetic light response curves for ginseng (Jochum et al., 2007) . Carbon dioxide levels were kept constant at 380 ppm. Respiration was measured using the same procedures as above, but in the absence of light, between 2100 and 0000 h.
Phenological measurements and allocation
Emergence was scored on 8 May 2009 and 20 April 2010 by assessing plants against six phenophases (one being the least developed and six being the most developed) that differed in degree of sympodium development, erectness and foliar expansion. In July 2009 and 2010 while performing bud counts, we measured flowering phenology by tallying the number of floral buds in each of three flowering states ( preanthesis, anthesis and post-anthesis) per plant. During seed counts in September in 2010, we scored senescence level. Plants that had little to no browning (brown leaf area ,5 % total leaf area) were assigned a senescence level of 1, those with mild foliar browning (5 -25 % of total leaf area) were assigned a level of 2, those with severe browning (26 -75 % of total leaf area) a level of 3, and those that were nearly totally brown (75 -100 % of total leaf area) a level of 4.
At the time of harvest in September 2010, the root to shoot ratio was calculated by dividing the fresh mass of the root and rhizome by the fresh mass of the shoot (leaves, sympodium and peduncle). Although dry masses would have been preferable, the valuable roots were conserved for future research.
Analyses
For all analyses, model effects included temperature, population and temperature × population. As is the case with many plant species, size strongly influences survival and reproduction in ginseng, and there were initial differences in plant size among individuals and between the two study populations. For this reason, a metric of size was used as a covariate in most analyses (Supplementary Data Table S2 ). For presence/ absence, survival and growth-related analyses, we used the covariate initial root mass. Because reproduction varies as a function of leaf area (Mooney and McGraw, 2009) , leaf area corresponding to the year of reproduction was used as a covariate in all analyses of reproductive traits (e.g. for the response variable bud production year 1, the covariate was leaf area year 1). Plants grew to large sizes in the second year of the study, and taller plants may have competitively suppressed smaller individuals via shading. To account for this, sympodium height was also included as a covariate in year 2 analyses of reproduction variables. If the covariate was not significant, the analysis was rerun with the covariate removed.
Individuals were excluded from analyses if they (1) incurred damage during the transplantation process or subsequently which resulted in foliar deformities in year 1 of the experiment; or (2) senesced early, leading to desiccation of foliar material which rendered comparisons involving fresh weight of above-ground biomass invalid (Supplementary  Data Table S2 ).
For all analyses with a continuous dependent variable, a two-way analysis of variance (ANOVA) was used to analyse data. A G-test was used for analyses in which the dependent variable was nominal and, where necessary, data were transformed to improve normality (Supplementary Data Table S2 ).
RESULTS
Presence/absence and survival
Overall mortality was low for the experiment; only four plants (3 . 2 % of all individuals) died during the transplant process and over the course of the study, so there were no significant effects of population, temperature or their interaction on survival (Table 1) .
Growth
There was a tendency for the effect of temperature on RGR LA to differ between populations, but no differential treatment effect was found for RGR ROOT (Table 1) . Populations did differ in RGR ROOT , the MedT Population accumulating greater biomass compared with the LowT Population (Table 2) .
Reproduction
There was a tendency for the effect of temperature on flower bud number to differ between populations in 2009, a pattern that was statistically significant in 2010 (Table 1) . While the two populations responded differently to temperature in terms of bud number, they did so in an unexpected manner: the LowT population showing greater bud number at high temperature, while the MedT population was unresponsive (Fig. 1) . Temperature influenced bud production in 2010, with plants in the medium temperature treatment producing 16 % more buds per plant compared with plants in the high temperature treatment, which produced the least number of buds (Supplementary Data Table S3 ). In 2009 only, populations differed in the number of buds produced, such that plants from the MedT Population produced a greater number of buds per plant than the LowT Population (Table 2) .
While we expected that the effect of temperature on metrics of seed production would differ between populations, this was not the case (Table 1 ). In general, temperature alone influenced measures of seed production, and in all cases seed production was lowest in the high temperature treatment (Table 2 ). In both 2009 and 2010, temperature affected the number of seeds per bud (Table 1) . In both years, the highest temperature level reduced the seeds produced per bud by 62 and 65 %, respectively compared with the low temperature level (Supplementary  Data Table S3 ). Temperature also affected mean berry mass per seed. Berry mass per seed was reduced by 41 % at the highest temperature level compared with the low temperature level. Populations differed in terms of seed production (Table 1 ). In both years of the study, the LowT Population produced a greater number of seeds per bud, LowT Population plants producing on average 2 . 58 and 1 . 64 times the number of seeds per bud relative to MedT Population plants in 2009 and 2010, respectively (Supplementary Data Table S3 ).
Physiological measurements
While there was no interaction effect of temperature and population on light-saturated photosynthetic rate, populations differed in their response to temperature at ambient growth light levels (Table 1) . Populations responded differentially to the change in temperature between medium and high levels; photosynthetic rates decreased for plants from the MedT Population, but not for plants from the LowT Population (Fig. 2) . In general, photosynthetic rates were highest in the low temperature treatment and lowest in the high temperature treatment (Table 2) . Also, populations differed in terms of photosynthetic rates (Table 1) . Plants from the LowT Population assimilated CO 2 at 1 . 07 times the rate of plants from the MedT Population (Supplementary Data Table S3 ). Temperature alone affected the respiration rate (Table 1) . Respiration rates of plants in the high temperature treatment were 1 . 66 times greater than respiration rates of plants in the low temperature treatment. Least squares means + s.e. of dependent variables for interaction effects, listed by population (LowT Population, MedT Population) and temperature treatment (low, medium and high). 2 . Differential response to temperature of CO 2 assimilation rate between two populations of American ginseng. Ginseng populations originated from different temperature environments. The LowT Population is from a cooler, high elevation site, and the MedT Population is from a warmer, low elevation site. The low and medium temperature treatments correspond to the temperature regime at the LowT and MedT Populations, respectively, and the high temperature treatment simulates future temperature conditions.
Phenological measurements, physical appearance and allocation
The effect of temperature on timing of emergence in 2009 did not differ between populations (Table 1 ). The effect of temperature on bud phenology did not differ between populations in 2009, but did in 2010 (Table 1) . Generally, increasing temperature accelerated onset of flowering, so that the ratio of pre-anthesis buds to total buds was lower in the medium and high temperature treatments relative to the low temperature treatment (Table 2) . Plants from the LowT Population and the MedT Population responded differently to the transition from the medium and high temperature treatments. In the medium temperature treatment, MedT plants were phenologically behind LowT plants in their reproductive development, while the reverse was true in the high temperature treatment ( Table 2 ). The effect of temperature on senescence level depended on population (Table 1 ). At the low temperature level, leaves of plants from the MedT Population showed greater levels of senescence than those from the LowT Population, while this effect was reversed at the high temperature treatment (Fig. 3) . Higher temperatures advanced emergence, anthesis and senescence (Table 2 ). This temperature effect was, in some cases, profound. For example, in 2009, the proportion of pre-anthesis buds was reduced by 77 % in the high temperature level compared with plants in the low temperature level (Supplementary Data Table S3 ).
Plant biomass allocation of the two populations, as expressed by root to shoot ratio, differed in their response to temperature (Table 1 ). The mean root to shoot ratio of MedT Population plants did not vary among temperature treatments, while the root to shoot ratio of LowT Population plants did. Specifically, at the medium temperature treatment, the MedT Population plants allocated more biomass to root per unit mass of shoot than LowT Population plants, whereas the reverse was true at the high temperature treatment (Table 2) .
DISCUSSION
A previous study examining the long-term demographic response of ginseng populations to interannual temperature variation found that population growth rates (l) were greatest when growing season temperatures were similar to long-term, site-specific means (Souther and McGraw, 2011) . When annual temperatures deviated from long-term mean conditions, l values decreased, suggesting that populations were adapted with respect to local temperature regimes (Souther and McGraw, 2011) . Based on these findings, we expected that populations would respond differently to temperature treatments, indicating genetic differentiation between populations. Secondly, we expected that traits probably predictive of longterm fitness, such as survival and seed production, or key physiological traits, such as photosynthesis, would be greater for plants exposed to their home site temperature environment relative to non-local individuals, indicating a direct effect of temperature on ginseng performance. The effect of temperature on bud number in 2010, photosynthetic rates, senescence level and root to shoot ratio differed between populations of ginseng, supporting the hypothesis that populations are genetically differentiated with respect to temperature. However, with the exception of one dependent variable (senescence level), the pattern of response did not conform to expectations that ginseng populations were adapted with respect to local temperature.
Temperature, alone, did not affect performance of ginseng populations in a manner consistent with local adaptation. Disparity between experimental results and those observed in the field may result, in part, because temperature variation was decoupled from variation in other environmental factors in the growth chamber environment. Abiotic environmental variables, such as soil moisture and light levels, as well as biotic factors, such as herbivory, prevalence of disease, and inter-and intraspecific competition interactions, naturally covary with temperature in the field and could influence demographic response to temperature (Hackney and McGraw, 2001; McGraw and Furedi, 2005; Wixted and McGraw, 2010) . Previous reciprocal transplant and common garden studies have demonstrated that local adaptation may occur with respect to complex environmental gradients (Linhart and Grant, 1996; Macel et al., 2007) . Macel et al. (2007) partitioned the effect of climatic and edaphic factors on fitnessrelated traits and determined that both climate and soil were critical to understanding local adaptation in two species of grasses. In this case, mean growing season precipitation varied between the sites of origin of the study populations, the MedT population receiving approx. 20 % less rainfall on average than the LowT population in its home site. Response of stomatal conductance to temperature has been shown to depend on plant water status. Plants grown in an environment in which water is not limited respond to temperature by opening stomata, thus increasing transpiration rates and cooling the leaf. Conversely, plants exposed to drier conditions tend to close their stomata as temperature increases, reducing water loss through transpiration. (Berry and Bjorkman, 1980) . Decreasing stomatal aperture reduces diffusion of CO 2 into plant cells, thus slowing photosynthetic rates (Berry and Bjorkman, 1980) . Generally drier conditions at the mid-elevation site may have selected for genotypes that decrease stomatal conductance in response to increasing temperature in order to prevent evaporative water loss from plant cells. This may, in part, explain the observation that MedT individuals displayed a greater reduction in photosynthetic rates relative to the LowT individuals in the high temperature treatment. Whatever the precise mechanism, for ginseng, indirect temperature effects may be more important determinants of population growth rate than the direct influence of temperature. Lack of temperature 'extremes', temperatures that deviate significantly from mean conditions (in this case referring to deviations above the mean), in the growth chamber environment may also have contributed to disparity between field and growth chamber studies. While growth chamber temperatures cycled between realistic average minima and maxima on a daily basis, they did not include daily fluctuations of temperature around those means. Extreme temperatures constitute a strong selective force, and thus may drive patterns of local adaptation observed in the field (Parmesan et al., 2000; Parmesan, 2006) . In this study, individuals from the LowT Population were strongly affected by the high temperature treatment, which may more closely simulate extreme temperatures in the LowT environment. LowT individuals produced a greater number of buds relative to MedT plants at medium and high temperature treatments. Rather than indicating that LowT individuals are more successful than MedT individuals under high temperature conditions, results may also suggest a stress response, in which LowT individuals allocated more energy to reproduction when exposed to elevated temperatures. Increased flowering in response to environmental stress, and to temperature in particular, has been documented in other plant species (Bradshaw and Hardwick, 1989; reviewed in Takeno, 2012) . The senescence response pattern further suggests that elevated temperatures induced a stress response in LowT individuals. Mean senescence level was lowest for each population in its home temperature treatment, consistent with expectations of local adaptation. Notably, however, senescence levels of LowT individuals increased dramatically in the high temperature treatment, and exceeded that of the MedT individuals. Senescence of leaves is triggered by a number of environmental stressors, including temperature (Buckner et al., 1998; Munne-Bosch and Alegre, 2004) . The degree of foliar senescence at the high temperature treatment far exceeded senescence levels observed in the field for this time of year (30 September 30, pers. obs.), and shortened growing season length for LowT individuals exposed to high temperature conditions. This study joins a growing body of literature demonstrating intraspecific genetic variation to temperature, and documenting the effects of warming on components of plant fitness (Etterson, 2004; Macel et al., 2007; De Frenne et al., 2011 , 2012 . Intraspecific genetic variation will influence the nature of species' response to climate change, as well as a species' adaptive potential (Davis and Shaw, 2001; Etterson, 2004; Davis et al., 2005; Jump and Penuelas, 2005) . In this study, temperature treatments alone did not explain the pattern of local adaptation to temperature observed in the field. For ginseng, increases in the frequency and magnitude of extreme weather events, as well as the indirect effects of climate warming, will perhaps be more important than the direct effects of mean temperature increase in determining response to climate change.
Genetic differentiation of populations with respect to temperature has implications for species management and conservation as climate change occurs. Ginseng harvest, regulated by the US Fish and Wildlife Service, should be managed to minimize loss of genetic diversity, thus enhancing the potential for adaptation to increasing temperature. In general, for species that exhibit intraspecific differentiation to climate, rather than protecting northern or upland populations, effort should be focused towards preservation of genetically diverse populations, which have greater potential to adapt to novel climatic conditions, and towards the establishment of dispersal corridors that may encourage colonization of cooler regions in response to warming. When a species is unable to track climate change naturally through genetic or spatial response, human-assisted relocation may be necessary for long-term persistence.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : daily minimum and maximum temperatures used to program growth chambers. Table S2 : analyses of variance and G-tests examining differential response to temperature of the two populations. Table S3 : response of the two populations to three temperature treatments.
